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Abstract. The yeast trehalose-6 -phosphate synthase gene 
(TP SI) was engineered under the control of the cauli- 
flower mosaic virus regulatory sequences (CaMV35S) 
for expression in plants. Using Agrobacterium-mQdiatQd 
transfer, the gene was incorporated into the genomic 
DNA and constitutively expressed in Nicotiana 
tabacum L. plants. Trehalose was determined in the 
transformants, by anion-exchange chromatography cou- 
pled to pulsed amperometric detection. The non-reduc- 
ing disaccharide accumulated up to 0.17 mg per g fresh 
weight in leaf extracts of transgenic plants. Trehalose- 
accumulating plants exhibited multiple phenotypic al- 
terations, including stunted growth, lancet-shaped 
leaves, reduced sucrose content and improved drought 
tolerance. These pleiotropic effects, and the fact that 
water loss from detached leaves was not significantly 
affected by trehalose accumulation, suggest that synthe- 
sis of this sugar, rather than leading to an osmoprotect- 
ant effect, had altered sugar metabolism and regulatory 
pathways affecting plant development and stress toler- 
ance. 

Key words: Drought tolerance - Nicotiana - Osmotic 
stress - Transgenic plants - Trehalose 



Introduction 

Trehalose, a non-reducing disaccharide of glucose (oc-d- 
glucopyranosyl a-D-glucopyranoside), accumulates in a 
large number of organisms in response to different stress 
conditions (Elbein 1974). In the yeast Saccharomyces 
cerevisiae, trehalose accumulation has been correlated 
with thermotolerance (De Virgilio et al. 1994) and 
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resistance to cold and water stress (Mackenzie et al. 
1988). Although the trehalose protective effect remains 
unclear at the molecular level, correlative evidence 
suggests that trehalose stabilises proteins and membrane 
structures under stress (Iwahashi et al.1995), a function 
probably resulting from the glass transition temperature, 
greater flexibility and chemical stability of trehalose 
compared to other sugars (Colaco et al. 1995). Trehalose 
is a rare sugar in higher vascular plants, where sucrose 
may act as the functional analogue (Hoekstra et al. 
1992). Trehalose is present, however, in some desiccat- 
ion-tolerant angiosperms (Drennan et al. 1993), and 
engineering trehalose accumulation into crop plants 
could improve drought and salinity tolerance (Serrano 
1996). Here, we provide evidence that expression of the 
yeast TP SI or CIF1 gene (Bell et al. 1992; Gonzalez 
et al. 1992), encoding trehalose-6-phosphate synthase, is 
sufficient to determine trehalose accumulation in trans- 
genic tobacco plants and that this accumulation alters 
the carbohydrate metabolism, induces morphological 
changes, and improves drought tolerance. 

Material and methods 

The TPS1 coding region was isolated by polymerase chain reaction 
(PCR) from plasmid pMB14 (Gonzalez et al. 1992), and cloned as a 
1.5-kb Hindllll BamHI fragment into plasmid pJIT 163 (Guerineau 
et al. 1992) creating pCl. The 2.8-kb KpnVXhol DNA fragment 
from pCl, which contains the TP SI gene flanked by a cauliflower 
mosaic virus (CaMV) 35S promoter with a duplicated enhancer and 
by the CaMV polyadenylation sequence, was finally cloned into the 
binary plant vector pBin 19 (Bevan 1984) creating pC2. Agrobac- 
terium helper strain LB A 4404 (Hoekema et al. 1983) was 
transformed with pC2 by high- voltage electroporation (Wen-jun 
and Forde 1989), and used for plant transformation. Nicotiana 
tabacum L. cv. SRI (obtained from Dr. A. Spena. Max-Planck - 
Institut fur Zuchtungsforschung, Koln, Germany) leaf discs were 
agroinfected and the kanamycin- selected shoots transferred to MS 
rooting media (Murashige and Skoog 1962) and finally into soil in 
pots. Genomic DNA gel blots were performed using approximately 
10 ug of DNA per track. Northern analysis of TP SI expression 
utilised approximately 5 ug of poly(A) + RNA per track. Isolated 
DNA fragments were nick-translated in the presence of a- 
[ 32 P]dCTP to be used as probes (Maniatis et al. 1982). Filters were 
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Fig. la,b. Correlation between copy number, mRNA amounts and 
altered phenotype in the incorporation and expression of the yeast 
TPS1 gene in Nicotiana tabacum plants, a Southern blot of genomic 
DNA from two transgenic F 0 plants with low (lane 7) and high (lane 2) 
levels of morphological alterations. The DNA was digested with Kpnl, 
which cuts pC2 once at the 5'-35S end, and hybridised with 
radiolabeled TPS1 DNA. b Northern blot of poly(A) + RNA from 
the same plants as in a and probed with radiolabeled TPS1 DNA. 
Radiolabeled tubulin DNA was used as a loading control 



washed at high stringency (0.1 x SSC, 0.5% SDS at 65 °C 
il x SSC = 0.15 M NaCl, 0.015 M Na 3 -citrate, pH 7). Extracts 
of soluble sugars were prepared as described by De Virgilio et al. 
(1994) from ~5-cm-long young leaves (200 mg FW), harvested 
from the apex of 6- week- old soil-grown F 0 plants after Tarczynski 
et al. (1992). Separation of soluble carbohydrates was by high- 
performance anion- exchange chromatography coupled to pulsed 
amperometric detection (HPAE-PAD; Waters, Milford, Mass., 
USA), using a CarboPac PA1 column (250 mm long, 4 mm i.d., 
Dionex, Sunnyvale, Calif., USA) maintained at 22 °C (Rocklin and 
Pohl 1983). Quantitation of the sugars was by peak integration and 
comparison with sugar standards. To avoid mixing drought and 



starvation stress, for water stress 3-month-old ¥ x transgenic 
tobacco plants, with and without the TPS1 gene, were subjected 
to drought by withholding irrigation for 15 d. Leaves were 
considered dead, damaged or healthy when they were completely 
dry and brown, less than 50% yellow, or green, respectively. In all 
Fi plant analyses, equally pheno typically altered lines were used. 



Results and discussion 

Using Agrobacterium-mQdi&ted transfer, the TPS1 gene 
was stably integrated in the plant genome and expressed 
in the transgenic plants. In Southern blots, genomic 
DNA of transformed tobacco plants was probed with 
the yeast TP SI gene (Fig. 1) revealing prominent bands 
which corresponded in size to known restriction frag- 
ments of the TPS1 gene construction. Transcripts of 
TPS1 were detectable on Northern blots of leaf 
poly(A) + RNA in the majority of TP SI -transformed 
plants. No bands were observed in control plants 
transformed with the binary vector pBin 19. The mRNA 
amounts correlated with the TPS1 gene copy number 
and morphological alterations (Fig. 1). Those plants 
with high levels of morphological alterations had two 
gene copies (two bands in Fig. la) and increased mRNA 
amounts (Fig. lb). 

The carbohydrate profiles differed between control 
and transgenic F 0 plants (Fig. 2). Trehalose was present 
in the leaf extracts of transformants with levels of up to 
0.17 mg-(g FW)" 1 ; (Tablel). It could not be detected in 
control plants [ < 0.02 mg-(g FW) -1 ]. Trehalose accu- 
mulation was not dependent on the plant developmental 
stage since similar concentrations were found in leaves of 
younger or older F 2 plants. Decreases occurred in 
sucrose and glucose, and some unidentified peaks also 
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Fig. 2a-c. Carbohydrate pro- 
files of control and transgenic 
tobacco plants, a Control F 0 
plant transformed with the bi- 
nary vector pBin 19. b transgenic 
F 0 plant transformed with pC2. 
c Extract of plants from b co- 
injected with 50 ng of trehalose. 
To better show the trehalose 
peak and avoid overhang of 
some peaks in the control-plant 
chromatogram, 3 ul of sugar 
extract was injected in a and 5 ul 
in b,c. G, glucose; S, sucrose; T, 
trehalose 
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Table 1. Sugar contents in leaves from control and TPS1- 
expressing plants. Data represent the mean value ± SD of eight 
plants [mg-(g FW)" 1 ] 





Control 


TPSI 




Sucrose 


6.60 ± 1.70 


4.00 ± 


0.80 


Glucose 


0.16 ± 0.05 


0.07 ± 


0.02 


Trehalose 


n.d. a 


0.15 ± 


0.02 



a Not detected [ < 0.02 mg- (g FW) -1 ] 



underwent alterations in the transgenic plants. Work is 
in progress to identify these sugars. A large fraction 
(40%) of F 0 trehalose-accumulating plants exhibited 
different degrees of phenotypic change, related to loss of 
apical dominance, stunted growth, lancet-shaped leaves, 
and some sterility. 

Water stress dramatically affected control tobacco 
plants, while wilting symptoms were attenuated in 
transgenic plants expressing the TPSI gene and were 
correlated with the degree of morphological change. 
Altered phenotype was always coupled with drought 
tolerance, although gene expression did not always 
perfectly correlate with trehalose accumulation, prob- 
ably because of differences in trehalose activity. The Fi 
plants segregated both the phenotypic alterations (Fig. 
3a) and improved drought tolerance (Fig. 3b) observed 
in F 0 plants. Phenotypically altered F 2 plants segregated 
1:3 from a single-copy low-morphologically altered F 0 
line, and plants of the F 2 generation derived from these 
Fi plants were homozygous and all showed an identical 
phenotype which was highly altered compared with the 
Fi parental line. No phenotypic changes were observed 
in F 1 plants derived from F 0 control plants transformed 
with the binary vector pBin 19. Control plants exhibited 
dehydration and necrosis of leaves while Fi phenotypi- 
cally altered plants appeared to be much less affected 
(Fig. 4). Despite the protection observed in whole plants, 
there were no significant differences in the water loss of 
detached leaves of different sizes from control and 
transgenic F 0 plants (Fig. 5) or from F 2 seedlings, or 
young and adult Fx plants. 

The production of trehalose in the transgenic tobacco 
plants indicates that since trehalose formation is a two- 
step process, involving trehalose-6-phosphate synthase 
and trehalose-6-phosphate phosphatase, an endogenous 
phosphatase should be involved in this engineered 
biosynthesis in tobacco plants. 

Focusing on the osmoprotectant role of trehalose in 
drought tolerance, it must be pointed out that the 
measured concentrations of this sugar in transgenic 
plants (< 0.5 mM) are too low, 5 to 10 times less than 
engineered mannitol and proline (Tarczynski et al. 1992; 
Kishor et al. 1995), for a conventional osmoprotectant 
effect. Trehalose accumulates to high concentrations in 
many micro-organisms under osmotic stress (> 0.1 M; 
Hottiger et al. 1987), but its accumulation in vascular 
plants is rare, probably because of reduced synthesis and 
also because it could be prevented by trehalase, an 
enzyme widely distributed in the plant kingdom (Mtiller 
et al. 1995). Thus, the relatively low trehalose concen- 




Fig. 3a,b. Segregation of both phenotypic changes and improved 
drought tolerance, a F 1 transgenic plants, from a single-copy TPSI 
gene F 0 plant, showing normal or morphologically altered lance- 
shaped leaves, b F 1 control plant {left), from an F 0 plant transformed 
with the binary vector pBin 19, and an ¥ x phenotypically altered 
trehalose-accumulating transgenic plant (right), after 15 d of water 
stress 

tration in desiccation-tolerant angiosperms (Drennan 
et al. 1993) and in the transgenic plants expressing the 
TPSI gene of the present work, suggests that trehalose 
may play a more complex role in preventing plant 
desiccation than just contributing to osmotic adjust- 
ment, a function that could be performed by other more 
abundant functional analogues such as sucrose, or other 
osmolites like proline and betaine. Our results are at 
odds with those of Holmstrom et al. (1996), since (i) we 
did not observe significant differences in the water loss of 
detached leaves of different sizes, as would be expected 
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Fig. 4a,b. Comparison of the dehydration effect between F 2 control 
plants, derived from F 0 transformed with the binary vector pBin 19, 
and Fi phenotypically altered trehalose- accumulating transgenic 
plants, expressed as the number of dead, damaged and surviving 
leaves after 15 d of water stress (a) or after 15 d of water stress 
followed by 15 d of re- watering (b). Each datum point corresponds to 
the mean value calculated from six plants of three different lines and 
the error bars correspond to the standard error 

from an osmotic effect of trehalose, and (ii) we did 
observe that trehalose accumulation leads to phenotypic 
changes in tobacco. Similar phenotypic changes were 
also observed by Goddijn et al. (1995) who engineered 
trehalose-biosynthesis-expressing E. coli otsA and otsB 
genes in Nicotiana tabacum. Although all the plants 
constitutively expressing TPS1 tolerated desiccation 
better than the controls, those plants showing severe 
morphological alterations had the highest tolerance 
under stress conditions. 

The combination of these results indicates that the 
mechanism of the improved performance of trehalose- 
synthesising-plants in drought resistance is more subtle 
than a simple osmotic effect as in micro-organisms. 
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Fig. 5. Water loss of detached leaves from 4-month- old transgenic 
tobacco F 0 plants air-dried for 10 d at room temperature. Tl, T2, and 
T3, transgenic TP SI -expressing plants. CI, C2, and C3, transgenic 
controls. Values are the average of leaves of different sizes 
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Trehalose has protein and membrane stabilisation 
properties superior to those of other sugars (Crowe 
et al. 1984; Colaco et al. 1995) but the low concentration 
accumulated in transgenic plants tempts us to speculate 
on the basis of the phenotypic effects observed, that 
rather than acting just as a compatible solute, it may 
affect metabolic and hormonal pathways leading to 
pleiotropic changes including stress- resistance. The car- 
bohydrate profile differed between control and trans- 
genic plants, suggesting changes in carbohydrate 
metabolism. Recently, one research team emphasised 
that the control of gene expression plays a fundamental 
role in carbohydrate -mediated feedback or sink-regulat- 
ed inhibition of photosynthesis, linking this sugar 
regulation mechanism to a switch that facilitates the 
cell defence response against a variety of stimuli (Jang 
and Sheen 1994). Furthermore, systemic acquired resis- 
tance mediated by the ectopic expression of yeast 
invertase has been related to a possible hexose sensing 
in the secretory pathway (Herbers et al. 1996). Trehalose 
could have some ability to cause repression, which 
would be dependent on its hydrolysis to glucose by plant 
trehalase, as was suggested for sucrose repression 
activity, which is presumably dependent on its hydrolysis 
to glucose and fructose by invertase (Goldschmidt and 
Huber 1992). It has previously been reported that there 
is a correlation between trehalose accumulation in plants 
and interference in sugar metabolism fall in sucrose 
content, inhibition of synthesis of cell wall polysaccha- 
rides and potential toxicity (Veluthambi et al. 1982). 
Thus, trehalose could act, as a direct or indirect signal, 
in similar sugar-sensing and signalling pathways con- 
trolling plant gene expression. An alternative explana- 
tion for the effects of TP SI expression in higher plants is, 
as has been proposed in yeast (Thevelein 1994), that the 
activity of trehalose phosphate synthase reduces the 
concentration of sugar phosphates, and that these 
metabolites are signalling molecules for different trans- 
duction pathways affecting plant development and stress 
tolerance. Work is in progress to check if the morpho- 
logical and carbohydrate alterations produced by ex- 
pression of the TP SI gene are possibly linked with the 
plant stress-responsive pathway. Further physiological 
research needs to be done before trehalose biosynthesis 
can be successfully engineered in a wider range of crop 
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plants, thus increasing their resistance to environmental 
stress. Molecular analyses of these phenotypically al- 
tered plants are presently under way in order to obtain a 
clearer picture about the relations between trehalose and 
drought tolerance. 
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